The cfy mutation disrupts cell divisions in a stage-dependent manner in zebrafish embryos  by Song, Mi Hye et al.
www.elsevier.com/locate/ydbioDevelopmental BiologyThe cfy mutation disrupts cell divisions in a stage-dependent manner in
zebrafish embryos
Mi Hye Songa, Nadean L. Brownb, John Y. Kuwadaa,*
aDepartment of Molecular, Cellular and Developmental Biology, University of Michigan, Ann Arbor, MI 48109-1048, United States
bDivision of Developmental Biology, Children’s Hospital Research Foundation and Department of Ophthalmology,
University of Cincinnati Medical School, United States
Received for publication 11 June 2004, revised 27 July 2004, accepted 16 August 2004
Available online 18 September 2004Abstract
The zebrafish curly fry (cfy) mutation leads to embryonic lethality and abnormal cell divisions starting at 12–14 h postfertilization (hpf)
during neural tube formation. The mitotic defect is seen in a variety of tissues including the central nervous system (CNS). In homozygous
mutant embryos, mitoses are disorganized with an increase in mitotic figures throughout the developing neural tube. One consequence of
aberrant mitoses in cfy embryos is an increase in cell death. Despite this, patterning of the early CNS is relatively unperturbed with
distribution of the early, primary neurons indistinguishable from that of wild-type embryos. At later stages, however, the number of neurons
was dramatically decreased throughout the CNS. The effect on neurons in older cfy embryos but not young ones correlates with the time of
birth of neurons: primary neurons are born before the action of the cfy gene and later neurons after. Presumably, death of neuronal progenitors
that divide beginning at the neural keel stage or death of their neuronal progeny accounts for the diminution of neurons in older mutant
embryos. In addition, oligodendrocytes, which also develop late in the CNS, are greatly reduced in number in cfy embryos due to an apparent
decrease in oligodendrocyte precursors. Genetic mosaic analysis demonstrates that the mutant phenotype is cell-autonomous. Furthermore,
there are no obvious defects in apical/basal polarity within the neuroepithelium, suggesting that the cfy gene is not critical for epithelial
polarity and that polarity defects are unlikely to account for the increased mitotic figures in mutants. These results suggest that the cfy gene
regulates mitosis perhaps in a stage-dependent manner in vertebrate embryos.
D 2004 Elsevier Inc. All rights reserved.
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The regulation of the cell cycle is a critical aspect of
developmental control. The cell cycle is regulated to fit the
requirements of different organs/tissues at various devel-
opmental stages once zygotic transcription begins after
midblastula transition (MBT). This suggests differential
intrinsic and extrinsic regulation of the cell cycle depending
upon developmental stage and organ/tissue. Although con-0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: Kuwada@umich.edu (J.Y. Kuwada).siderable progress has been made in understanding devel-
opmental regulation of the cell cycle in genetic model
systems (Coffman, 2004; Lee and Orr, 2003), relatively little
is known about developmental cell cycle regulation in verte-
brate embryos.
Recent genetic analyses in zebrafish have identified
several loci that are required for properly patterned cell
divisions that results in the stereotyped pattern of neurons
within the retina (Jensen et al., 2001; Malicki and Driever,
1999; Malicki et al., 2003; Pujic and Malicki, 2001; Wei and
Malicki, 2002). One zebrafish locus that affects cell
divisions is atypical protein kinase C (aPKC) which is
required for correct orientation of mitosis within the
neuroepithelium (Horne-Badovinac et al., 2001). Studies
of the cell cycle have also been undertaken in zebrafish276 (2004) 194–206
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embryos (Concha and Adams, 1998; Das et al., 2003;
Geldmacher-Voss et al., 2003; Kane et al., 1992; Kimmel et
al., 1994; Li et al., 2000), treatment with cell cycle inhibitors
(Navara et al., 2001; Zamir et al., 1997), and identification
of mutants (Dekens et al., 2003). However, the genetic
mechanisms responsible for regulating the pattern of cell
divisions remain largely unknown in the vertebrate central
nervous system (CNS).
In fish and amphibian embryos, there are a class of large,
primary neurons that are generated before other neurons
(Beattie et al., 1997; Blight, 1978; Forehand and Farel,
1982; Jacobson and Moody, 1984; Kimmel et al., 1994;
Mendelson, 1986; Moody, 1989). The primary neurons are
the first to differentiate, while later developing, secondary
neurons are generally smaller and are born after the primary
neurons. Given the differences in timing and nature of
primary and secondary neurons, it is possible that their
generation may be under differential genetic control (Beattie
et al., 1997). However, little is understood regarding the
mechanisms that regulate the generation of early, primary
neurons versus later, secondary ones. Here, we report the
phenotypic analysis of the curly fry (cfy) mutation in which
the early cell divisions are normal in number, but there is a
dramatic increase of mitotic figures starting at neural keel
stage. In the CNS, cell divisions that generate secondary
neurons appear to be abnormal, while those generating the
primary neurons are largely unaffected. Whether the
increase in mitotic figures is due to increased proliferation
or due to arrest of mitotic cells is unknown, but the cfy gene
is important for cell divisions perhaps in a stage-dependent
manner.Materials and methods
Embryos
The homozygous cfy mutation arose spontaneously
within one breeding colony of zebrafish obtained from the
Nqsslein-Volhard laboratory in Tqbingen, Germany.
Embryos were obtained from natural spawnings of adult
fish kept at 28.58C on a 14-h light/10-h dark cycle and were
staged according to Kimmel et al. (1995). Embryos older
than 24 hpf (hours postfertilization) were raised in 0.003%
1-phenyl-2-thiourea (PTU, Sigma) in egg water to inhibit
the production of pigment.
Immunohistochemistry
Embryos were fixed with 4% paraformaldehyde in
phosphate-buffered saline (PBS, diluted from 10 stock)
for 2 h at room temperature (RT) or overnight at 48C.
Embryos were rinsed in PBS with 1% Tween-20 (PBT),
manually dechorinated, and stored in 100% MeOH until
used. Embryos were washed twice with PBT for 5 min andthen incubated in blocking solution (1% Triton X-100, 1%
DMSO and 10% normal goat serum in PBS) for 5 h,
followed by incubation with appropriate primary antibodies
in blocking solution for overnight. All incubations and
subsequent washes were done with constant agitation at RT.
After washing with frequent changes of blocking solution at
RT for 5 h, embryos were incubated with appropriate
secondary antibodies in blocking solution for overnight and
then washed in PBT for 2–5 h. For a secondary antibody
conjugated to peroxidase (Vectastain ABC kit, Vector
Laboratories), additional incubations were performed
according to manufacturer’s instruction.
The following primary antibodies were used: rabbit
polyclonal anti-phosphohistone H3 (anti-PH3; Upstate
Biotechnology, 1:1000), rabbit polyclonal anti-cleaved
caspase 3 (Signaling Inc., 1:100; Joza et al., 2001), mouse
monoclonal anti-Zn5 (MAb Zn5; 1:500, Trevarrow et al.,
1990), mouse monoclonal anti-Hu C/D (Molecular Probes,
1:500), mouse monoclonal anti-neurofilament (3A10;
Hybridoma Bank, 1:1000; Hatta et al., 1991), mouse
monoclonal islet-1 (Hybridoma Bank, 39.4D5, 1:100;
Korzh et al., 1993), rabbit polyclonal anti-PKC~ (Santa
Cruz Biotechnology, 1:750; Horne-Badovinac et al., 2001).
We used secondary antibodies conjugated to Alexa-488 or
-568 (Molecular Probes, 1:2000) or to peroxidase using a kit
(Vectastain ABC kit, Vector Laboratories). For some
experiments, either whole-mount embryos or cryostat
sections were further processed in PBT with Sytox green
(Molecular Probes) to label nuclei (Geldmacher-Voss et al.,
2003) or Alexa-568–phalloidin (Molecular Probes) to label
F-actin (Wei and Malicki, 2002).
Labeled embryos were mounted and analyzed. DIC
images were collected on Scion image under Zeiss Axiophot
microscope, and fluorescence images were obtained by
LSM 510 confocal microscope. Collected images were
processed in Photoshop software.
Whole-mount in situ hybridization
Whole-mount in situ hybridization was performed on fish
embryos as described previously (Westerfield, 1995).
Antisense digoxigenin-labeled riboprobes were synthesized
from the following cDNAs; eng3 (Ekker et al., 1992), shh
(Krauss et al., 1993), krox20 (Oxtoby and Jowett, 1993),
evx1 (Thaeron et al., 2000), olig2 (Park et al., 2002), DM20/
PLP (Brosamle and Halpern, 2002), F-spondin2 (Higashi-
jima et al., 1997), and pax6.1 (Krauss et al., 1991a,b).
BrdU incorporation and labeling
Embryos were incubated for 6 h in 10 mM BrdU
(Roche)/4% DMSO in embryo medium starting at 22 hpf
(Gray et al., 2001). After incorporation, embryos were
rinsed twice for 10 min in embryo medium and fixed at 28
hpf. Embryos were then cryosectioned (5–10 Am). DNA in
sectioned embryos were denatured with 0.2N HCl for 2 h at
M.H. Song et al. / Developmental Biology 276 (2004) 194–206196RT and neutralized with 0.1 M sodium borate (pH 8.5) for
30 min. Treated sections were labeled with a rat MAb
against BrdU (Serotec, Inc., 1:500) and anti-cleaved caspase
3 as described above.
Histologic sections and labeling
Fixed embryos were embedded in plastic and cut into
1-Am sections using a Jung ultramicrotome as previously
described (Kuwada et al., 1990). Sections were stained
with 1% toluidine blue.
Quantification of labeled cells
To quantify anti-PH3-labeled mitotic cells in shield stage
embryos, embryos were mounted with their animal poles up
and confocal images collected from all cell layers in a
square region (184.3  184.3 Am) in which the animal pole
was at its center. Serial confocal images were taken at 5-Am
intervals along the z-axis. Thirteen embryos from a cross
between wild-type zebrafish and thirteen embryos from a
cross between cfy heterozygote carriers were examined.
To quantify mitosis and cell death at 24 and 48 hpf,
whole-mounted embryos were double-labeled with anti-PH3
(visualized by Alexa Fluor-488) for mitosis and anti-cleaved
caspase 3 (visualized by Alexa Fluor-568) for cell death.
Serial confocal images were collected every 5 Am along the
medial–lateral axis from epidermis on one side to epidermis
on the opposite side of segments 5–7 of laterally mounted
embryos. Spinal cord segments were operationally defined
as the part of the spinal cord that corresponds in length to
one segment of the somite/myotome, and the spinal segment
number was the number of the corresponding somite/
myotome. Cell types were determined by location, size,
and shape of cells.Fig. 1. cfy embryo exhibits abnormal body curvature and ventricles. (A, B) Late
embryo (B) exhibiting a dorsal flexure of the trunk. (C, D) Horizontal sections thro
reduced ventricles (D). Embryos were labeled with toluidine blue. Asterisk denotTo quantify Islet+ neurons at 24 and 48 hpf, embryos were
labeled with anti-Islet and mounted laterally. Serial confocal
images were taken every 5 Am from the lateral edge of the
neural tube through to the other lateral edge within segments
5–6 or 6–7. Rohon Beard (RB) neurons were identified by
their large size and dorsal location. For each data set, the
mean F standard deviation was calculated, and statistical
analysis was performed using the Student t test.
Acridine orange staining
To detect dying cells, live embryos were dechorionated
and placed for 10 min into PBS with 1 AM acridine orange
(Sigma). After three brief washes in PBS, embryos were
mounted in PBS and viewed.
Mosaic analysis
Mosaic embryos were generated by transplanting cfy
and wild-type cells into host embryos (Ho and Kane,
1990). The progeny from a cross between cfy hetero-
zygotes served as both donors and hosts. Donor embryos
were labeled with Alexa Fluor-488 or -568 (Molecular
probes) at one- to two-cell stage, allowed to further
develop, blastula stage donor cells transplanted into
unlabeled host blastulae. Both donor and host embryos
were allowed to develop until 24 hpf, and the genotype
of individual embryos was determined upon their
ventricle and body curvature phenotype. At 24 hpf, host
embryos were fixed and immunostained with the mitosis
marker, anti-PH3, using the Vector SG 9 kit (Vector
Laboratories Inc.) to examine the mitotic frequency of
donor cells in each host embryo. The presence of labeled
cellular debris was used as a sign of cell death of donor
cells.ral view of live 24-hpf wild-type sibling embryo (A) and cfy homozygous
ugh the brain of wild-type sibling (C) and cfy embryo showing missing and
es the fourth ventricle. Anterior is left. Scale bars, 50 Am.
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There are increased mitotic figures in cfy embryos
The cfy mutation arose spontaneously from the labo-
ratory zebrafish colony and was originally identified by itsFig. 2. There is a marked increase in the number of mitotic figures in cfy embryos,
were labeled with the anti-PH3 mitosis marker. (A, B) Whole mount of wild-type s
cells in a variety of tissues by the mutant embryo. (C, D) Lateral views of the sp
increase in the number of mitotic cells in the CNS of the mutant embryo. Anterio
(blue) to label rhombomeres 3 (r3) and 5 (r5) and mitotic cells with anti-PH3 (br
Examples of wild-type sibling and cfy embryo at 14 hpf are shown in a dorsal
heterozygote in-crosses as a function of the number of mitotic cells in r4 at 12, 13,
expected from a single population of embryos. At 13 hpf (b), the distribution of e
one population representing approximately 3/4 of the embryos while the other popu
type crosses (d) at 14 hpf showed a single peak that corresponded to the major pdorsal body curvature and missing brain ventricles (Fig. 1).
Pairwise matings demonstrated that these traits were
inherited in a Mendelian fashion as autosomal, recessive
ones. Mutant embryos could be identified as early as 20 hpf
by their ventricle phenotype, while dorsal curvature was
apparent starting at 24 hpf. cfy mutant embryos hatch fromand the onset of the increase occurs at 12–14 hpf. (A–D) Embryos (24 hpf)
ibling (A) and cfy (B) embryos illustrating that there is an increase of mitotic
inal cord of wild-type sibling (C) and cfy (D) embryos showing a dramatic
r is left and dorsal up. (E) Embryos were labeled with a krox20 riboprobe
own). Mitotic figures in rhombomere 4 (r4) were counted in each embryo.
view. Anterior is up. (F) The frequency distribution of embryos from cfy
and 14 hpf (a–d). At 12 hpf (a), the distribution of embryos has a single peak
mbryos broadened. At 14 hpf (c), the distribution displayed two peaks with
lation 1/4 of the embryos. The frequency distribution of embryos from wild-
eak seen in (c). Scale bar, 50 Am.
Table 1A
Quantification of mitotic figures in various tissues at 24 hpf
Epidermis Axial myotome Spinal cord
Wild-type (n = 7) 0.86 F 0.69 0.57 F 0.53 3.62 F 1.56
cfy (n = 10) 19.3 F 4.08 2.55 F 1.64 34.15 F 9.45
Ratio (cfy/wt) 22.4 4.5 9.5
Mitotic figures were assayed in the epidermis, axial muscles, and spinal
cord within segments 5–7. Abbreviation: n, number of embryos counted.
Fig. 3. Early neurogenesis is largely unperturbed. (A, B) Lateral views
showing neurons labeled with anti-Hu in 24-hpf wild-type sibling (A) and
cfy (B) embryos. The overall pattern of neurons in the spinal cord is largely
unaffected at 24 hpf by the mutation. (C, D) Lateral views showing that
evx1+ neurons in 24-hpf wild-type sibling (C) and cfy (D) embryos have
similar distributions. (E, F) Lateral views showing that anti-Islet+ neurons
in 24-hpf wild-type sibling (E) and cfy (F) embryos are similar in
distribution. Large dorsal cells are RB neurons. Ventral cells are a variety of
interneurons and motor neurons. (G, H) Dorsal views of the hindbrain
showing MAb 3A10-labeled M cells are indistinguishable in morphology
between wild-type sibling (G) and mutant embryos at 32 hpf (H). Anterior
is to the left. (I, J) Dorsal views of the hindbrain of 24-hpf wild-type sibling
(I) and cfy (J) embryos showing ectopic neurons (arrows) labeled with anti-
Hu near the dorsal midline in mutant embryos. (K, L) Dorsal views of the
hindbrain of 24-hpf wild-type sibling (K) and cfy (L) embryos labeled
showing mislocalized evx1+ neurons (arrows) in the hindbrain of the
mutant. Scale bars, 50 Am.
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are unable to move in a coordinated fashion. cfy homo-
zygotes die between 72 and 96 hpf.
Using a phospho-histone H3 antibody (anti-PH3) to label
cells in mitosis, we found that there was a dramatic increase
in mitotic figures in homozygous cfy embryos at 20–24 hpf
(Figs. 2A–D). The increase in mitotic figures was evident in
various tissues/organs such as the dermis, myotomes,
pharyngeal arches, and the CNS. The ratio of mitotic
figures in the epidermis, axial myotomes, and spinal cord
between cfy and wild-type embryos varied at 24 hpf with the
ratios being 22.4 for the epidermis, 4.5 for the myotomes,
and 9.5 for the spinal cord (Table 1A). The increase in the
ratio of mitotic figures in the different organs/tissues was
not correlated with normal mitotic frequencies in these
organs/tissues. Since the CNS has the largest number of
cells compared with other organs/tissues, the increase in
total number of mitotic figures was greatest in the CNS of
mutant embryos.
Despite the fact that, at 20–24 hpf, cell divisions were
abnormal in cfy embryos, the early divisions up to 16-cell
stage in all the progeny from crosses between cfy hetero-
zygotes were normal, and these embryos progressed through
the blastula and gastrula stages in an apparently normal
fashion (not shown). Furthermore, the frequency of mitotic
figures labeled with anti-PH3 of shield stage embryos (6 hpf)
from wild-type crosses was not significantly different from
that of embryos from crosses between cfy heterozygotes
(Student t-test, P N 0.7). There were 26.73 F 5.33 (n = 13)
vs. 26.1 F 6.16 (n = 13) mitotic figures in embryos from a
wild-type cross versus a cross between cfy heterozygotes,
respectively, in a square region measuring 184.3 184.3 Am
with the animal pole at its center. Thus, the mutation appears
not to affect cell divisions up to 6 hpf.
To determine the onset of the mutant phenotype, the
frequency of mitotic figures was assayed at different stages
in embryos from crosses between heterozygous carriers.
Since homozygous cfy embryos can only be identified mor-
phologically at 20 hpf, the onset of the increased mitosis
phenotype was determined by finding the stage at which
25% of the progeny showed a greater number of mitotic
figures. To facilitate quantification of mitotic figures,
embryos were labeled with a krox20 riboprobe (Oxtoby
and Jowett, 1993) to label rhombomeres 3 (r3) and 5 (r5)
and mitotic cells labeled with anti-PH3 (Fig. 2E). The
pattern of krox20 expression in the hindbrain and the size of
r3–5 appeared unaffected by the cfy mutation at stages
Fig. 4. There is an increase of cell deaths in cfy embryos. (A, B) Dorsal
views of the hindbrain in 24-hpf wild-type sibling (A) and cfy (B) embryos
showing an increase in anti-cleaved caspase 3 labeling in the mutant.
Anterior is left. (C, D) Transverse sections of the spinal cords of 28-hpf
wild-type sibling (C) and cfy (D) embryos showing recently divided cells
labeled with anti-BrdU (green) and dying cells with anti-cleaved caspase 3
(red). The wild-type spinal cord contains no dying cells, while the mutant
spinal cord contains many dying cells including some which had recently
divided (yellow, arrows). Dashed lines outline the boundary of the spinal
cord. Dorsal is up. Scale bars, 20 Am.
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embryo. At 12 hpf, there was a single population of
embryos from crosses between cfy heterozygotes with the
number of mitotic figures ranging from 1 to 10 in r4 (Fig.
2F-a) that corresponded with the distribution of r4 mitotic
figures in wild-type embryos (not shown). At 13 hpf, the
distribution of embryos from crosses between cfy hetero-
zygotes with mitoses in r4 broadened (range: 6–25; Fig. 2F-
b), and at 14 hpf, the distribution displayed two populations
(Fig. 2F-c). At 14 hpf, one population of embryos
represented approximately 3/4 of the embryos and peaked
at 11–15 mitotic figures per r4 (12.57 F 1.73), while the
other population represented about 1/4 of the embryos and
peaked at 26–30 mitoses per r4 (27.17 F 1.6). At this stage,
wild-type embryos showed a single peak at 11–15 mitotic
cells per r4 (12.77 F 2.58; Fig. 2F-d) which is comparable
with that of the larger peak from the crosses between cfy
heterozygotes. This change in the distribution of mitoticTable 1B
Quantification of mitoses and cell deaths at 24 and 48 hpf
24 hpf
Mitosis Cell death
Wild-type 3.62 F 1.56 (n = 7) 2.0 F 0.96 (n =
cfy 34.15 F 9.45 (n = 10) 33.5 F 9.14 (n =
Ratio (cfy/wt) 9.5 16.8
Mitotic and dying cells were assayed in segments 5–7. Abbreviation: n = numbefigures in the progeny from crosses between cfy hetero-
zygotes suggests that the onset of increased mitotic figures
in cfy embryos occurs between 12 and 14 hpf. Since primary
spinal neurons are born between 9 and 13 hpf while
secondary neurons after 13 hpf (Kimmel et al., 1994), it
appears that the cfy gene product is required after the birth
of the primary neurons and during the birth of secondary
neurons.
Primary neurons are unperturbed, but there is increased
cell death in cfy embryos
Despite aberrant cell divisions in the CNS, the size of the
CNS (not shown) and overall patterning in the CNS
appeared largely unperturbed in early cfy embryos up to
approximately 24 hpf (data not shown). eng3 (Ekker et al.,
1992) and krox20 (Oxtoby and Jowett, 1993) were normally
expressed, suggesting that anterior/posterior patterning in
the hindbrain is unaffected by the mutation. However,
although the notochord appeared normal, the floor plate
assayed by the expression of shh (Krauss et al., 1993) and
f-spondin2 (Higashijima et al., 1997) appeared somewhat
disorganized with cells not as crisply aligned as normal.
Interestingly, the primary neurons such as the RB, CoPA,
VeLD, and CaP neurons in the spinal cord (Eisen et al.,
1986; Kuwada et al., 1990) and M cell in the hindbrain
(Mendelson, 1986) were normal in cfy embryos as was the
pattern of Hu-positive neurons (Fig. 3). The number of
Islet+ RB cells did not vary significantly (Table 2) between
wild-type and cfy embryos at 24 hpf. An exception to
normal neuronal patterning at early stages was found in the
cfy hindbrain. The roof of the hindbrain failed to form a
thin membrane but rather remained as an epithelium with
aberrant Hu-positive and evx1-positive neurons found in
the dorsal hindbrain (Fig. 3). Overall, however, the primary
neurons that are born before the requirement for the cfy
gene are normal in mutant embryos.
Given that aberrant mitoses in cfy mutants did not have
a dramatic effect on patterning of the early CNS and that
there was no obvious hypertrophy of the CNS, we
wondered if mitotic cells or their progeny might die.
Indeed, there was a dramatic increase in cell death as
measured by incorporation of acridine orange by living
embryos (not shown) and labeling with anti-cleaved
caspase 3 (Joza et al., 2001; Fig. 4) throughout the embryo
including the CNS, pharyngeal arches, skin, and muscles.48 hpf
Mitosis Cell death
7) 17.33 F 4.96 (n = 4) 0.74 F 0.92 (n = 4)
10) 46.65 F 11.91 (n = 6) 11.57 F 6.12 (n = 6)
2.7 15.6
r of embryos counted.
Fig. 5. There is a marked decrease in neurons at later stages (48 hpf) in cfy
embryos. Anterior is to the left and dorsal up. (A, B) Lateral views of the
head in wild-type sibling (A) and cfy (B) embryos showing dramatic
decreases in neurons labeled with anti-Hu in the brain and retina of mutants.
(C, D) Confocal images of the spinal cords of wild-type sibling (C) and cfy
(D) embryos showing a decrease in neurons labeled with anti-Hu in the
mutant spinal cord. Ventral neurons are most markedly reduced. Bidirec-
tional arrows illustrate the thickness of the spinal cord. (E, F) Confocal
images of the cerebellum and hindbrain of wild-type sibling (E) and cfy (F)
embryos showing that cerebellar neurons (arrows) and later developing
hindbrain commissural neurons (arrowheads) labeled with MAb-Zn5 are
missing in mutants. Asterisks denote the trigeminal ganglion neurons. (G,
H) Lateral views of the spinal cord of wild-type sibling (G) and cfy (H)
embryos showing that the RB neurons (large dorsal cells, arrows) are
normal in mutants but smaller, ventral neurons (arrowheads) labeled with
anti-Islet are decreased. Scale bars, 50 Am.
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was comparable to mitotic cells in the spinal cord of mutant
embryos at 24 hpf double-labeled with anti-PH3 and anti-
cleaved caspase 3. In wild-type embryos, there is very little
cell death in the spinal cord. To see if the dying cells were
mitotic cells in cfy embryos, proliferating cells were labeled
with a 6-h pulse of BrdU starting at 22 hpf and then
assayed for cell death at 28 hpf with anti-cleaved caspase 3.
No BrdU-labeled cells were also labeled with anti-cleaved
caspase 3 in wild-type embryos. In contrast, some of the
BrdU-labeled cells were also labeled with anti-cleaved
caspase 3 in cfy embryos, indicating that mitotic cells or
their progeny do die in the mutants (Fig. 4). Thus, at least
some of the mitotic cells or their progeny are eliminated by
cell death.
Later developing neurons are aberrant in cfy embryos
Since wild-type cfy activity is required for normal mitosis
starting at 12–14 hpf, one might expect to see effects on
neurons generated after 12–14 hpf. Indeed, labeling all
neurons with anti-Hu in 48- and 72-hpf embryos demon-
strated a marked decrease in neurons in the mutant CNS
(Fig. 5). Similarly, when cerebellar neurons and late
developing hindbrain commissural neurons were labeled
with MAb Zn5 (Chandrasekhar et al., 1997; Kanki et al.,
1994), these neurons were dramatically decreased in
frequency (Fig. 5). Anti-Islet labeling (Korzh et al., 1993)
of primary RB neurons and later developing ventral spinal
neurons showed an overall decrease in these cells in cfy
embryos compared with wild-type embryos, but the
decrease was restricted to the ventral spinal neurons (Table
2; Fig. 5). By 24 hpf, there was already a 14% decrease in
Islet+ neurons found in the ventral spinal cord in anterior
segments of mutant compared with wild-type siblings, while
there was no significant difference in the frequency of dorsal
Islet+ RB cells. By 48 hpf, there were 53% fewer Islet+
neurons in the ventral spinal cord of mutant embryos
compared with wild-type siblings, while there was no
difference in frequency of RB neurons. Thus, the early
generated RB neurons are normal in distribution, while later
generated, ventral Islet+ spinal neurons are decreased in
number in cfy embryos.
Analysis of Islet+ neurons also showed that there were
decreases in frequency of RB neurons in both wild-type
sibling and cfy embryos between 24 and 48 hpf and that the
decreases were comparable (Table 2). This is consistent with
the normal elimination of RB neurons by programmed cell
death during embryogenesis (Williams et al., 2000) and
suggests that the mutation does not affect this normally
occurring cell death. Furthermore, although cfy embryos had
about 50% of the ventral Islet+ neurons found in wild-type
embryos at 48 hpf, there was a clear increase in the
frequency of ventral Islet+ neurons in cfy embryos between
24 and 48 hpf (Table 2). Although this increase was
considerably smaller than that seen in wild-type embryos, itsuggests that not all later developing neurons are eliminated
by the mutation.
The cfy retina as with the rest of the CNS appears
unaffected in early development but is severely compro-
mised at later stages. Early stages of eye morphogenesis
(12–24 hpf) appear to be unperturbed in cfy homozygous
embryos. For example, the early marker pax6.1 (Krauss et
al., 1991a,b) is normally expressed by all retinal cells in 24-
hpf cfy embryos (data not shown). However, in wild-type
embryo pax6.1 is limited to the retinal ganglion, amacrine,
and early photoreceptor cells at 60 hpf (Stenkamp et al.,
2002) but is still ubiquitously expressed in the cfy retina.
Furthermore, retinal ganglion cells recognized by MAb Zn5
were markedly decreased in mutants consistent with the
Table 2
Quantification of islet+ neurons at 24 and 48 hpf
24 hpf (n = 10) 48 hpf (n = 6)
RB Ventral neurons Total RB Ventral neurons Total
Wild-type 10.3 F 3.16 25.2 F 3.08 35.5 F 3.7 6.75 F 0.42 152.9 F 12.6 160 F 12.79
cfy 9.0 F 1.33 21.7 F 2.21 30.7 F 2.9 6.17 F 0.61 72.42 F 4.58 78.58 F 4.36
P value (wt vs. cfy) P N 0.3 P N 0.01 P N 0.01 P N 0.1 P b 0.001 P b 0.001
Islet+ neurons were assayed in segments 5–6 or 6–7. Abbreviation: n = number of embryos counted.
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By 48 hpf, the eye is visibly smaller than normal, and the
72-hpf mutant retina had not yet achieved the ordered,
laminar organization normally seen in the wild-type retina
(data not shown).
Since neurons generated after the onset of the cfy
phenotype were severely diminished, the development of
oligodendrocytes, which are also generated at later stages,
was examined. Oligodendrocytes normally appear at 2 dpf
(Brosamle and Halpern, 2002) in wild-type siblings but are
dramatically reduced in 72-hpf cfy embryos as assayed by
the marker PLP/DM20 (proteolipid protein; Brosamle and
Halpern, 2002; Fig. 6). Furthermore, there is a decrease in
olig2-expressing cells (Park et al., 2002) at 24 and 48 hpf in
cfy embryos. Motor neuron and oligodendrocyte precursors
express olig2 at 24 hpf, and oligodendrocyte precursorsFig. 6. Oligodendrocytes are markedly reduced due to a decreased number o
oligodendrocytes labeled with a DM20/PLP riboprobe in cfy embryos at 72 hpf. A
oligodendrocytes are primarily found at the ventral midline of the CNS. A lateral v
absence of oligodendrocytes. (E–F) There is a decrease in Olig2-expressing cells
Olig2 is expressed by oligodendrocyte progenitor cells and primary motor neurons
abolished in cfy embryo (H) compared with wild-type sibling (G). At this stage, O
dorsal up. Scale bars, 100 Am.predominantly express it at 48 hpf (Park et al., 2002). This
suggests that there is a decrease in oligodendrocyte
precursors and perhaps motor neuron precursors in cfy
embryos. Thus in the CNS, there is a decrease in later
developing neurons and oligodendrocytes perhaps as a
consequence of the dramatic increase in cell death asso-
ciated with the cfy mutation.
cfy phenotype is cell-autonomous and is not likely due to
defects in polarity of the neuroepithelium
To determine if the mutant phenotype is cell-autonomous
or cell-nonautonomous, genetic mosaic embryos were
generated (Ho and Kane, 1990). Donor embryos were
labeled by injection of Alexa Fluor-488 or -568 shortly after
fertilization, and labeled donor cells were transplanted intof progenitors in cfy embryos. (A–D) There is a substantial decrease in
lateral view (A) and dorsal view (B) of wild-type sibling larvae showing that
iew (C) and dorsal view (D) of mutant larvae revealing an almost complete
in cfy embryo (F) compared with wild-type sibling embryo (E) at 24 hpf.
at this stage. (G, H) At 48 hpf, Olig2-expressing cells are almost completely
lig2 is expressed only by oligodendrocyte progenitors. Anterior is left and
M.H. Song et al. / Developmental Biology 276 (2004) 194–206202unlabeled host embryos at late blastula stages. Mosaic
embryos were generated by transplanting donor cells of a
progeny from a cross between cfy heterozygotes into a host
embryo from the same cross. The genotype of the donor and
host embryos was determined by the body curvature and
ventricle phenotype at 24 hpf. The phenotype of the donor
cells was then assayed at 24 hpf with anti-PH3 to label
mitotic cells and examined for morphological signs of cell
death (Fig. 7). Few wild-type donor cells were mitotic in
both wild-type and cfy hosts, but approximately 40% of cfy
donor cells were mitotic in both wild-type and cfy hosts.
Similarly, wild-type donor cells exhibited signs of cell death
(cellular debris) in only one of seven wild-type hosts and
one of eight cfy hosts, while many cfy donor cells exhibited
signs of cell death in all twelve wild-type hosts and all four
cfy hosts. In the two mosaic embryos in which wild-typeFig. 7. Mosaic analysis revealed that the cfy product is required cell autonomous
labeled wild-type or cfy donor cells transplanted into unlabeled wild-type or cfy h
right panels are bright-field images of the same view from the embryos as in the le
cells in both wild-type (A) and mutant host (B) exhibited normal morphology an
(asterisks). In panel B, many cfy host cells are mitotic (asterisks). Many cfy don
breaking up (arrowheads) indicative of cell death. Anterior is up. (D) Percentage o
and the number of mosaic embryos are designated under each bar (no. donor celdonor cells died, there was little labeled cellular debris
indicating that only a few donor cells died. Since cfy donor
cells die in the mosaic embryos and at least some mitotic
cells die in cfy embryos, it is likely that our measure for the
proportion of cfy donor cell that are mitotic underestimates
the actual rate of mitotic cells. These results demonstrate
that the mitotic and cell death phenotypes are cell-
autonomous, suggesting that the cfy gene acts cell-autono-
mously to regulate mitosis and cell death.
Since the polarization of the neuroepithelium is impor-
tant for regulation of cell divisions within the retina of
zebrafish (Horne-Badovinac et al., 2001; Jensen et al., 2001;
Malicki and Driever, 1999; Malicki et al., 2003; Pujic and
Malicki, 2001; Wei and Malicki, 2002), it is possible that a
disruption of the polarity of the neuroepithelium may be
responsible for abnormal cell divisions in cfy embryos. Toly. (A–C) Dorsal views of the hindbrain of mosaic embryos at 24 hpf with
osts. Left panels are fluorescence images showing the donor cells (red) and
ft panels showing the mitotic nuclei labeled with anti-PH3. Wild-type donor
d were not mitotic. In panel A, occasional wild-type host cells are mitotic
or cells in wild-type host (C) were mitotic (asterisks) and appeared to be
f donor cells that were mitotic in host embryos. The number of donor cells
ls/no. embryos). Scale bars, 20 Am.
M.H. Song et al. / Developmental Biology 276 (2004) 194–206 203test this hypothesis, we assayed for the distribution of
atypical protein kinase C (aPKC) isoforms which are
normally found apically in the neuroepithelium (D’Atri
and Citi, 2002; Horne-Badovinac et al., 2001; Izumi et al.,
1998; Muller and Bossinger, 2003; Suzuki et al., 2001;
Wodarz et al., 2000). Sytox Green labeling of nuclei
confirmed the increase in mitotic cells throughout the
CNS of cfy embryos (n = 5 for mutant and n = 5 for
wild-type) previously seen with anti-PH3. The apical pattern
of the aPKC proteins in mutant CNS was not as crisp as in
wild-type CNS, but overall apical patterning of the aPKC
proteins was largely unaffected (Fig. 8). Furthermore,
increased mitotic cells were associated with the apical side
of the neuroepithelium of mutant embryos. Labeling of
mitotic cells with anti-PH3 and assaying the polarity of the
neuroepithelium with phalloidin (n = 10 for mutant and n =
10 for wild-type sibling) confirmed these results. Phalloidin-
labeled actin filaments are normally associated with apically
localized adherens junctions (Geiger et al., 1983; Muller,
2000; Yonemura et al., 1995). These findings suggest that
there is no obvious disruption of the polarity of the
neuroepithelium in cfy embryos that could potentially
account for the increase in mitotic cells.Discussion
Two major features of cfy mutants are increased mitotic
figures and increased cell death. Since the frequency of
mitotic figures and cell death is comparable and double-
labeling for BrdU incorporation and anti-cleaved caspase 3
show that, at least, some of the mitotically active cells die in
mutants, it is possible that cell death may be a consequence
of aberrant mitosis. The fact that aberrant mitosis and cell
death phenotypes are cell-autonomous is consistent with this
contention. Within the CNS, this suggests that some
progenitor cells die as they undergo mitosis. This contention
is supported by the finding that there are fewer neurons after
the onset of mutant phenotype in cfy embryos. Additional
support is derived from the fact that oligodendrocytes which
develop starting at 2 dpf (Brosamle and Halpern, 2002; ParkFig. 8. The polarity of the neuroepithelium in cfy embryos is largely unperturbed.
localization of atypical protein kinase C (aPKC) isoforms in the neuroepithelium an
retina of cfy (B) embryo as in wild-type sibling (A). Note the increased mitotic ce
chromosomes) in the cfy retina. Anterior is to the left. (C, D) Transverse sections th
with Alexa-568–phalloidin (red) to label F-actin associated with the apically loc
polarity of the spinal cord neuroepithelium is roughly normal in cfy embryo, yet thand Appel, 2003) are greatly diminished due to an apparent
decrease in oligodendrocyte progenitor cells.
The link between aberrant cell cycle and cell death is
also a feature of several mouse mutations. For example, in
weaver mice, there is marked cell cycle up-regulation but
absence of cell differentiation in the cerebellum and
granule cell death (Migheli et al., 1999). In staggerer
and lurcher mice, cell death of granule cells and inferior
olive neurons due to elimination of their target, cerebellar
Purkinje cells, is preceded by their reentry into the cell
cycle (Herrup and Busser, 1995). However, these mutants
vary from cfy in that they do not exhibit increased mitotic
figures.
Another important feature of the cfy mutation is that the
phenotype is stage-dependent. The phenotype appears
between 12 and 14 hpf so that, in the nervous system, the
primary neurons that are born before this time point are
unaffected while later developing neurons are greatly
reduced in number. This could mean that the cfy gene acts
in a stage-dependent manner to control mitoses from about
12–14 hpf. Alternatively, the stage-dependent phenotype
could be accounted for a lack of zygotic wild-type cfy
product but not maternal wild-type cfy product in the
mutants. Thus, it is possible that the cfy gene could regulate
all cell divisions and that maternally supplied wild-type cfy
product would be sufficient for normal cell divisions up to
12–14 hpf. These two possibilities could be examined by
generating embryos that are maternal nulls by morpholino
oligonucleotide knockdown once the cfy gene has been
identified.
Potentially, gain-of-function in signaling pathways such
as those initiated by SHH, WNT, or FGF that typically
initiate proliferation in embryos (Duman-Scheel et al., 2002;
Gunhaga et al., 2003; Ruiz i Altaba et al., 2002) could
account for the increased mitotic cells in the mutants.
However, in the nervous system, these signaling pathways
regulate proliferation in distinct regions of the CNS, while
increased mitotic cells are found throughout the CNS in cfy
embryos. Thus, if the cfy product was involved in these
pathways, it would have to be common to all of them and be
stage-dependent.(A, B) Embryos (24 hpf) were labeled with anti-PKC~ (red) to examine the
d with Sytox green (green) to label nuclei. aPKC is localized apically in the
lls with condensed chromosomes (arrows indicate subgroups of condensed
rough the spinal cord of wild-type (C) and cfy (D) embryos at 24 hpf labeled
alized adherens junctions and anti-PH3 (green) to label mitotic cells. The
ere is a significant increase of mitotic cells. Dorsal is up. Scale bar, 20 Am.
M.H. Song et al. / Developmental Biology 276 (2004) 194–206204Polarization of epithelia is an important regulator of cell
divisions within epithelia (Chenn et al., 1998; Wodarz et al.,
1999, 2000). In zebrafish, mutations that disrupt the polarity
of the retina are associated with defective cell divisions
(Horne-Badovinac et al., 2001; Jensen et al., 2001; Malicki
and Driever, 1999; Malicki et al., 2003; Pujic and Malicki,
2001; Wei and Malicki, 2002). In these mutants, neuro-
epithelial polarity is clearly disturbed in the retina as is the
apical pattern of mitosis. However, in cfy embryos, the
polarity of the neuroepithelium in the CNS was for the most
part intact. Although subtle differences in polarity in cfy
embryos may be responsible for the increase in mitotic cells,
the findings do rule out that wholesale disruptions of
polarity are responsible for the mitotic defect in cfy
embryos.
The increase in mitotic index seen in cfy embryos could
be due to increased proliferation and/or cell cycle arrest
during the M-phase. At present, there is no clear evidence to
be able to attribute the increase in mitotic cells to either
possibility. In this regard, the fact that the cfy phenotype
involves an increase in both mitotic cells and apoptosis may
be a clue. One principal way to increase proliferation would
be the activation of a cellular oncogene or a defective tumor
suppressor gene, but these do not typically lead to apoptosis
(Ambrosini et al., 1997; Baker and McKinnon, 2004; Haber
and Harlow, 1997; Maehama and Dixon, 1998; Ruiz i
Altaba et al., 2002; Simpson and Parsons, 2001). The tumor
suppressor pRb is an exception to this rule since pRb
knockout mice show massive cell death in a variety of
tissues and organs including the nervous system (Jacks et al.,
1992; Lee et al., 1992). On the other hand, conditions that
lead to mitotic arrest often do lead to apoptosis (Castedo
et al., 2004; Cogswell et al., 2000). Application of micro-
tubule-targeted tubulin-polymerizing agents leads to arrest
of cells at the metaphase–anaphase transition and induce
apoptosis (Jordan et al., 1996; Mollinedo and Gajate, 2003).
The fact that at least some mitotic cells undergo apoptosis in
cfy embryos is consistent with mitotic arrest. Furthermore,
this hypothesis is supported by the fact that nearly all the
mitotic cells appear to be in early prophase in mutants
(unpublished data). Thus, the cfy gene may be required for
proper passage through the cell cycle. To what extent
mitotic arrest versus increased proliferation accounts for the
mutant phenotype, however, is unknown and will require
further investigation.Acknowledgments
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